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Abstract  26 

The possibility to sequence entire exomes and genomes has revolutionized the 27 

efficacy of molecular testing in rare movement disorders. Genomic sequencing is now 28 

becoming an integral part of routine diagnostic workflows for these heterogenous 29 

phenotypes. However, significant challenges are emerging in interpretation of the 30 

extensive amounts of genomic variant information being generated. In this 31 

Persepctive, we outline multidimensional strategies to genetic diagnosis in patients 32 

with rare movement disorders. We examine bioinformatic tools and computational 33 

metrics that have been developed to facilitate accurate prioritization of disease-causing 34 

variants. We highlight community-driven data-sharing and case-matchmaking 35 
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platforms, designed to foster the discovery of new gene-phenotype relationships. 36 

Finally, we consider the role of multi-omics data integration for optimization of the 37 

diagnostic success, whereby combined genomic, epigenetic, transcriptomic, and/or 38 

proteomic profiling can enable more holistic evaluation of variant effects. Together, the 39 

discussed approaches offer paths to improved understanding of the genetic basis of 40 

rare movement disorders.    41 

 42 

Introduction  43 

“Next-generation“ DNA sequencing (NGS) assays have revolutionized the 44 

comprehensiveness of human genetic analysis by allowing simultaneous screening for 45 

variants in hundreds of disease-related genes1. NGS-based massive parallelization of 46 

sequencing reactions can determine the entire nucleotide sequence of an individualˋs 47 

genome in a single analysis-instrument run for less than 1,000$2. The technique is 48 

particularly suitable for molecular studies of heterogeneous Mendelian conditions, 49 

enabling specific diagnoses to be made across a wide range of phenotypes including 50 

movement disorders1-3.  51 

Movement disorders form a vast category of neurological diseases with 52 

multifactorial complex genetic background on one end of the spectrum and monogenic 53 

causation on the other end, which are frequently characterized by progressive 54 

disability4. Many subgroups exist, defined by variable expressions of ataxia, chorea, 55 

dystonia, myoclonus, Parkinsonism, tremor, as well as phenotypically mixed 56 

syndromes, which are often individually rare and hard to categorize on clinical 57 

grounds4. NGS has been instrumental in identifying the monogenic causes of rare 58 

movement disorders at a broad scale3,5-7 and in establishing an expanding catalogue 59 

of new genotype-phenotype relationships8,9. For example, the clinical feature 60 
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“dystonia“ may be related to monoallelic or biallelic variants in >500 genes, as currently 61 

documented in the Online Mendelian Inheritance in Man (OMIM) database10. With 62 

many of the associated diseases, often reported in only a few cases worldwide, the 63 

patientˋs clinician may be unfamiliar. In such cases, the precise molecular diagnosis 64 

can unlock important information from the literature that may be fundamental to 65 

advising on optimal management or offering access to disorder-specific support 66 

organizations1,2,5.  67 

Although a substantial number of genomic datasets have been produced across 68 

different movement-disorder indications since the commercial availability of NGS in 69 

2011, the diagnostic rates today cap at ~20-50%11-15. A major hinderance to a relevant 70 

increase in molecular etiological yield is our inability to interpret a significant proportion 71 

of generated sequencing information1,2. Individual genomes contain many thousands 72 

of ultra-rare and so-called “private“ variants, i.e., sequence changes that are found 73 

exclusively in one single studied individual. Assigning clinical relevance to such private 74 

mutations remains a difficult challenge, even when they are discovered in known 75 

disorder-associated genes1,2. Limitations in discovery power of NGS approaches are 76 

especially evident in the field of movement disorders because of marked contributions 77 

of variable expressivity and reduced penetrance, as well as high levels of allelic 78 

heterogeneity8,9; movement disorder-causing variations encompass a diverse 79 

spectrum of mutation types, including substitutions, deletions or duplications of single 80 

nucleotides, multi-nucleotide insertions and deletions, structural variants, repeat 81 

expansions, as well as mitochondrial DNA alterations10,16,17.  82 

To address the interpretative challenge presented by NGS, powerful sets of 83 

computational methods have been developed, supporting the identification and 84 

prioritization of disease-associated variants and genes18-21. However, it is increasingly 85 

difficult for movement-disorder specialists to oversee meaningful application of these 86 
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analytic algorithms. Moreover, there is widespread recognition that the NGS diagnostic 87 

process will significantly benefit from integration of other “omics“ data, such as 88 

epigenetic signatures, transcriptomics, and proteomics22,23. Is it time to implement 89 

multi-omics diagnostics into routine care of movement disorders? Herein, we highlight 90 

genomic analysis strategies and bioinformatic variant-prioritization approaches in the 91 

context of rare hereditary movement disorders. We describe the principles of exome- 92 

and genome-wide sequencing with a focus on variant-detection tools that are most 93 

relevant to movement disorders. Then, we discuss computational metrics and software 94 

designed to facilitate the clinically oriented filtering of variants. In addition, we outline 95 

the necessity of large-scale data sharing including online case-matchmaking initiatives 96 

and data intregration between clinical care and research to improve diagnosis. Finally, 97 

the promise of multi-omics studies is examined. 98 

 99 

Main text 100 

Genomic sequencing and bioinformatic workflow  101 

The main unbiased NGS analysis techniques are whole-exome sequencing (WES) and 102 

whole-genome sequencing (WGS) (Figure 1)1,2,24. WES targets the entire protein-103 

coding regions (~20,000 genes), comprising 1-2% of the human genome. The test is 104 

highly efficient in detecting disease-associated mutations in exonic and nearby splice-105 

site sequences, which are currently thought to harbor the majority (~85%) of known 106 

pathogenic genomic variations2.  107 

The diagnostic yield of WES in movement disorders has been extensively 108 

investigated across diverse phenotype expressions and cohorts11. In the broad group 109 

of ataxias, for example, it has been demonstrated that ~23-52% of patients can receive 110 

a specific diagnosis by exome-wide variant profiling15,25. WES-driven discovery has 111 

also resulted in the identification of numerous new disease genes, as exemplified in 112 



5 
 

the description of >10 previously undefined monogenic etiologies for isolated dystonia 113 

between 2015 and 202326,27. Typically, the detection rates of causative variants vary 114 

according to patient characteristics in each movement-disorder category, with 115 

generally higher chances of finding diagnoses in pediatric subjects with 116 

multisymptomatic manifestations than in less complex, often multifactorial adult 117 

cases7,14,28; however, WES has also been an invaluable tool in deciphering broad 118 

phenotypic spectra related to the same genetic basis, for example in GNAO1-linked 119 

conditions, where presentations of both infantile dyskinetic encephalopathy and late-120 

onset focal abnormal movements have been revealed29,30.  121 

Despite its widespread implementation as a diagnostic tool in movement 122 

disorders, WES suffers from two key limitations1,2: (i) inconstant depth of sequencing 123 

coverage focused on exons hinders comprehensive detection of some clinically 124 

relevant mutation types such as certain structural variants; and (ii) sequence 125 

alterations in the ~98-99% of noncoding proportions of DNA cannot be examined. 126 

These drawbacks can be overcome by adopting a WGS approach. WGS significantly 127 

reduces the likelihood of missing disease-related variants by offering uniformity of 128 

target coverage and providing analytic access to nearly all of the ~3 billion nucleotides 129 

in a patientˋs genome31. The benefits of WGS over WES have not yet been 130 

systematically explored in the context of rare movement disorders, but pilot studies on 131 

large heterogeneous disease populations document diagnostic uplifts and the 132 

methodˋs effectiveness32,33.  133 

Both the output from WES and WGS requires computationally sophisticated 134 

processing workflows, given that extensive amounts of data are generated (data 135 

storage requirements in the patebyte range for larger WES/WGS collections)1,2,20. Up 136 

to 30,000 variants can be found in an individual exome, whereas WGS usully yields 137 

~3-4 million variant positions that differ from a reference genome1,2. Dedicated 138 
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bioinformatic pipelines have an essential role in the genetic laboratory, starting with 139 

WES/WGS raw-data mapping and the calling of variants. The BWA-GATK framework 140 

(Broad Institute) is considered the present gold-standard for identification of single-141 

nucleotide variants (SNVs) and short (1-50bp) insertions and deletions (indels)20,34, 142 

which appear to represent the largest currently recognized set of movement disorder-143 

causing mutations. Several NGS studies of patients with ataxia, dystonia, mixed 144 

hyperkinetic syndromes and other rare movement disorders have shown that SNVs 145 

and indels accounted for the majority (~85-95%) of molecular diagnoses6,12,14,15, 146 

although these numbers may be biased due to incomplete assessment of other variant 147 

types, especially in earlier work.  148 

WES/WGS data can also be exploited to assess copy-number variations 149 

(CNVs), for which an increasing battery of detection algorithms is being developed35,36. 150 

These tools that identify CNVs in short reads from NGS machines can be coverage-151 

based callers (e.g., ExomeDepth, CNVnator) or callers using integrated paired-end 152 

and split-read analysis strategies (e.g., DELLY, Manta)37,38, capable of detecting 153 

deletion and duplication events with high sensitivity and specificity. CNVs represent a 154 

relevant class of genomic alterations contributing to movement-disorder 155 

manifestations, and with the growing adaption of CNV-screening tools in NGS 156 

pipelines, we are witnessing intriguing “new“ roles for “old“ deletion syndromes in 157 

movement disorders such as 22q11.2 microdeletions (DiGeorge syndrome) in 158 

Parkinsonism and hyperkinetic phenotypes39,40. Importantly, WGS offers the 159 

opportunity to screen genomes for a range of structural variations beyond those 160 

identifiable by WES41; for example, WGS has been successful in uncovering a 161 

pathogenic inversion disrupting QDPR42, a gene implicated in tetrahydrobiopterin 162 

deficiency-related movement disorders. Most CNV-calling algorithms present 163 

restrictions with the discovery of small CNVs, particularly 1- or 2 exon-containing 164 
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CNVs, because these events are identified as single aberrant signals in the data with 165 

often suboptimal intensity and unwanted noise, creating challenges in routine clinical 166 

applications due to appearance of both false negatives and false positives43. 167 

Another important development for WES/WGS data analysis in patients with 168 

movement disorders constitutes the introduction of methods that allow scrutiny of 169 

mitochondrial DNA mutations and pathologic repeat expansions44-46. For the first class, 170 

so-called “off-target reads“ generated during standard WES/WGS experiments and 171 

processed in the bioinformatic pipeline can be reliably utilized for molecular 172 

diagnosis44. Bespoke processing workflows in genetic laboratories integrate off-173 

capture sequencing results that derive from the enrichment of DNA fragments outside 174 

the intended target regions, including the mitochondrial genome, thereby increasing 175 

the diagnostic utility of WES/WGS47. A recent retrospective evaluation of 11,424 WES 176 

datasets reported detection of pathogenic mitochondrial DNA variants in 11 individuals, 177 

including patients with ataxia, dystonia, and myoclonus48. Despite their practical 178 

applicability, off-target read-based mitochondrial-DNA variant screens can only be 179 

performed in WES/WGS studies for determining diagnoses when the capture-target kit 180 

supports the interrogation of the mitochondrial genome (e.g., in the form of a spike-in 181 

panel with the core nuclear exome)49. For the second class, a specific tool named 182 

“ExpansionHunter Denovo“50 is gaining popularity, which is suitable for performing 183 

hypothesis-free, genome-wide repeat profiling with diagnostic accuracy. In families 184 

with late-onset cerebellar ataxia, a comparatively prevalent but often genetically 185 

intractable syndrome, the tool has recently been applied to pinpoint the presence of a 186 

new repeat expansion disorder (ATX-FGF14)51. Furthermore, a systematic 187 

assessment of the test performance of ExpansionHunter-supported repeat-expansion 188 

profiling for 13 neurological disorders caused by these mutation types showed that 189 

WGS can distinguish between expanded and non-expanded alleles with 97.3% 190 
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sensitivity and 99.6% specificity46. On the other hand, WES has significantly restricted 191 

abilities to find causative expanded sites in patients with repeat expansion-associated 192 

movement disorders because the method cannot calculate the size of alleles larger 193 

than the commonly used read length of 100bp and because of the missing capture of 194 

non-coding parts of the disease-related genes (e.g., intron 1 of FXN harboring the 195 

Friedreich ataxia-linked GAA triplets)2. WES-based molecular diagnostics of 196 

movement disorders may thus demand additional testing for pathogenic repeats on 197 

alternative platforms, depending on the phenotypic characteristics of the examined 198 

patient.   199 

Finally, other rare complex mutational events underlying monogenic movement 200 

disorders have begun to be unraveled in NGS data by modern analytic methodologies, 201 

including mobile element insertions in NKX2-1-linked childhood-onset chorea52. In 202 

daily practice, genetic data analysts greatly benefit from simultaneous integration of 203 

multiple independent variant callers in their pipelines and these systems should 204 

optimally offer the possibility to incorporate newly emerging tools once their diagnostic 205 

sensitivities and specificities have been validated. 206 

 207 

Variant prioritization and pathogenicity assessment 208 

Genomic sequencing, particularly WGS, produces an abundance of variant data, 209 

posing a challenge to find out which of the sequence changes is causally implicated in 210 

a patientˋs phenotype1,2. To address this diagnostic bottleneck, automated workflows 211 

have been developed, supporting analysts in the assessment of the pathogenic role of 212 

variants. The process follows a series of computational mutation-filtration steps that 213 

are heavily dependent on a variety of online resources and bioinformatic tools (Figure 214 

1)18-20.  215 
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A primary filtering strategy involves the cross-referencing of patient-derived 216 

variants to catalogs of variations that are found in population controls; this helps to filter 217 

out benign alterations observed in persons who are not affected by the disease53,54. 218 

The Genome Aggregation Database (gnomAD), storing information from >120,000 219 

exomes and >15,000 genomes of various geographical origins, is commonly used for 220 

this purpose21. In movement disorders, an important caveat needs to be considered 221 

when deploying variant exclusion with gnomAD data (Box 1). The dataset is not 222 

depleted for alleles associated with adult neurological conditions and reduced 223 

penetrance1. For example, the pathogenic p.Glu303del variant in TOR1A responsible 224 

for autosomal dominant generalized dystonia (penetrance ~30%)27 is present in 30 225 

heterozygous gnomAD carriers21. Moreover, we increasingly observe that variants 226 

linked to newly discovered autosomal recessive movement-disorder phenotypes, such 227 

as specific WARS2 or SHQ1 mutations in Parkinsonism and myoclonus55,56, are 228 

registered as homozygous alleles in gnomAD21, highlighting the need for careful, 229 

literature-informed evaluation. Additional web-based curated reference catalogs exist 230 

for CNVs including the Database of Genomic Variants57 and dbVar58, hosting structural 231 

variation data from both healthy populations and individuals with clinical phenotypes. 232 

The inheritance of variants, ideally on the basis of recognizable familial 233 

transmission patterns, should also be included in the filtering criteria53,54. For simplex 234 

cases, parent-patient trio analysis has proven a highly efficient strategy to reduce the 235 

analytic burden by enabling straightforward detection of de novo variants via a 236 

bioinformatic “subtraction“ approach59. Studies show that de novo mutational events, 237 

including recurrent hits observed in multiple patients (e.g., p.Arg418Trp in ADCY5-238 

related dyskinesia)60, constitute a major cause of early-onset movement disorders7,14. 239 

Notably, new challenges in the filtering of variants on the basis of documented 240 

inheritance modes in movement disorders arise from the observation that a growing 241 
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number of genes have now been associated with both dominant and recessive 242 

phenotypes61.  243 

A further step is to prioritize variants according to their functional consequence 244 

and assumed deleteriousness53,54; this integrates the utilization of powerful 245 

computational metrics and software packages19,20. Currently, it is advisable to focus 246 

on protein-changing variations, consisting of two broad classes: (i) predicted loss-of-247 

function (LoF) variants, i.e., nonsense, frameshift, and splice-site alterations; and (ii) 248 

missense variants. A priori, LoF variants may be regarded as excellent candidates for 249 

disease causation because they are expected to disrupt the geneˋs reading frame. 250 

However, LoF variants are abundant in the population and each genome carries ~100 251 

such alterations2.  252 

To distinguish between genes in which LoF variants are tolerated from those 253 

that are LoF intolerant, the gnomAD data-based “probability of being loss-of-function 254 

intolerant“ (pLI) score has been introduced (Figure 2a)21. This metric, calculated on 255 

the basis of a comparison of observed versus expected LoF variants for each gene in 256 

gnomAD subjects, provides a statistically robust method for prioritization of LoF 257 

mutations that are likely to be clinically relevant21 and has facilitated the establishment 258 

of many gene-phenotype associations in patients with movement disorders14; the pLI 259 

score has strongly supported the discovery of childhood-onset dystonia caused by 260 

haploinsufficiency of KMT2B62, and it has assisted in identifying genes whose LoF 261 

variants are generally considered to be non-relevant to movement-disorder traits (e.g., 262 

LoF variants in LRRK2 do not underlie hereditary Parkinson disease63,64). For 263 

missense variants, a similar measure is available, the gnomAD-derived missense-z-264 

score21; it allows to filter WES/WGS data for genes in which missense variants are 265 

significantly underrepresented in controls. Detected missense substitutions in such 266 

genes should be carefully evaluated since the probability for pathogenicity may be 267 
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high. A typical example for a movement disorder-related gene with severe missense 268 

constraint is ATP1A321, linked to dystonia-parkinsonism and infantile dyskinetic 269 

syndromes65. Constraint-based approaches for missense-variant prioritization have 270 

also been developed at the levels of protein domains and individual genomic positions 271 

(i.e., at the codon level)66-68, where such mutations can occur (Figure 2b); these 272 

computational methods exploit the fact that certain regions in genes and their products 273 

stand out because of their mutational invariability in the general population66,67. It is 274 

possible to specifically screen for missense variants that map to these mutation-275 

intolerant sites, and are thus more likely to have a deleterious impact; in NR4A2-276 

associated neurodevelopmental disorder with dystonia and parkinsonism69-71, nearly 277 

all pathogenic missense variants are located at invariant amino acid residues in a 278 

protein motif that is heavily depleted for functional variation in population controls72. A 279 

cautionary note is the increasing appreciation of limitations in the use of mutational 280 

constraint parameters for the interpretation of LoF and missense variant pathogenicity 281 

in rare movement disorders, as outlined in Box 1. Additional information for filtering 282 

missense variants includes predicted effect on protein structure and evolutionary 283 

conservation, assessable by several commonly available in-silico classifiers19,20,73. 284 

Some more recently introduced tools function as “metapredictors“ with higher positive 285 

predictive values, combining multiple outputs from different published algorithms for 286 

estimation of the functional deleteriousness of a given amino acid change74; these 287 

aggregate packages assist with missense-variant evaluation processes, but their 288 

results need to be interpreted in conjunction with the peculiarities of the involved 289 

disease-associated proteins (Box 1).   290 

An additional stage, useful when variants were pre-filtered as described above, 291 

involves the implementation of candidate gene lists obtained on the basis of the 292 

patientˋs phenotypic characteristics53,54. This “virtual panel“ approach narrows the list 293 
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of selected variants to those affecting genes for which an association with the 294 

presenting clinical features has been established. Recently, a regularly curated virtual 295 

gene panel catalog has been launched via a publicly available platform, PanelApp75. 296 

Alternatively, gene lists can be downloaded from OMIM10, although not all entries may 297 

be up-to-date.  298 

Finally, for any prioritized variant, a standardized framework for clinical 299 

interpretation has to be applied, as provided by the American College of Medical 300 

Genetics and Genomics (ACMG; 5-tier classification system)76. To reduce inter-rater 301 

variability and the risks of subjective evaluation of variants, software tools are now 302 

becoming available that provide automated ACMG guideline-based interpretative 303 

outputs for WES/WGS-filtered variants such as wInterVar77.  304 

Despite all the advancements in bioinformatics-driven variant categorization, a 305 

massive number of sequence changes remain of undetermined clinical significance 306 

(so-called “variants of uncertain significance“, VUS). A major controversy is whether 307 

these variants that cannot reach a consensus on disease causality should always be 308 

reported back to referring clinicians and the affected families78. VUS classification 309 

criteria are conservative and designed to prevent potential harm that may result from 310 

erroneous pathogenicity assignments on the basis of insufficient evidence76. VUS 311 

reporting can trigger manifold patientsˋ responses and should follow careful guidelines 312 

in order to avoid enhanced medical uncertainty and negative psychosocial impact79. 313 

One important strategy for dealing with VUS is to implement internal reanalyses of 314 

these findings and the otherwise unresolved WES/WGS data at periodic intervals80. It 315 

was shown that successful reanalysis approaches of existing NGS data, including 316 

integration of updated database annotations, consideration of more detailed phenotype 317 

information, and searches for the latest published gene-disease and variant-disease 318 

relationships, can increase the diagnostic yield by ~6-47% via various measures 319 
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including VUS upgrading81. Reclassifications of VUS through reanalysis may be more 320 

difficult to achieve for patients from understudied geographic areas who display distinct 321 

allelic architectures with specific rare variants including founder mutations that are not 322 

registered in available reference databases; global efforts are needed to generate 323 

ancestry-specific allele datasets, as recently realized for a larger population from the 324 

Middle East82. As WGS becomes more widely deployed in the field of monogenic 325 

movement disorders, we will likely see an exponentially growing set of hard-to-interpret 326 

variants in non-coding genomic regions, which will further increase the quantity and 327 

complexity of VUS information. Unraveling variants that are unequivocally causal for 328 

movement disorders can also remain a difficult challenge because of the genetic 329 

heterogeneity and clinical variability associated with these conditions; in an example 330 

of extreme phenotypic pleiotropy, independent groups have recently implicated genes 331 

of the nucleotide-excision DNA repair pathway that had originally been linked to 332 

hereditary skin disorders with photosensitivity and cancer in rare movement disorders 333 

with chorea, dystonia, and ataxia83,84. 334 

 335 

Data sharing  336 

Over the past years, it has become clear that genomic data produced by individual 337 

laboratories are frequently not sufficient to generate compelling evidence for causality 338 

of VUS in known disease genes or candidate variants in potential new disorder-339 

relevant loci85. In rare movement disorders, only a very few individuals seen at a single 340 

institution are affected by a specific syndrome, and the vast majority of sequenced 341 

individuals in each local database do not share the same variant hits. The 342 

establishment of mutation recurrence in independent similarly affected subjects and 343 

the identification of multiple patients with variants in the same gene are required to 344 

firmly define genotype-phenotype correlations86.  345 



14 
 

The challenge posed by VUS and the situation of having identified one single 346 

family with a promising but unconfirmed gene candidate (“N-of-1 problem“) can be 347 

overcome by sharing observations regarding rare molecular findings with the broader 348 

genetics community85,87. Collaborative efforts in global projects have addressed this 349 

need by developing data-sharing solutions that provide centralized repositories for 350 

clinically evaluated variants as well as platforms for genotype-phenotype 351 

matchmaking87,88. Databases that actively catalog sequences changes according to 352 

their previously reported disease relevance include ClinVar17 and The Human Gene 353 

Mutation Database89. These sources summarize information on variant pathogenicity, 354 

mostly for SNVs and short indels, that would otherwise be dispersed across the 355 

literature and private mutation compendia, allowing analysts to quickly judge the 356 

significance of WES/WGS-identified variants.  357 

Similar clinically-centered annotation platforms are available for CNVs 358 

(DECIPHER)90 and mitochondrial DNA variants (Mitomap)91. However, since these 359 

databases are human curated and sometimes filled with spurious phenotype-gene 360 

associations, misclassifications or conflicting interpretations of variants are not 361 

uncommon1. This situation is especially problematic in the molecular analysis of rare 362 

movement disorders because the capture of reliably interpreted variant calls is 363 

generally under-represented in these indications (as compared to, e.g., intellectual 364 

disability), which can increase the burden of diagnostic uncertainty. Therefore, it is 365 

crucial to motivate genetic laboratories focusing on movement disorders to 366 

systematically submit their sequencing results to ClinVar and other public knowledge 367 

repositories. In relation to this, alternative community-based curation platforms have 368 

been launched such as the Movement Disorder Society Genetic mutation database 369 

(MDSGene) which promote meaningful exploration of the evidence of variant 370 

pathogenicity in the context of ataxia, chorea, dystonia, and other movement-disorder 371 
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presentations92. Still, a lack of diversity in genomic testing among ethnic groups with 372 

significant underrepresentation of certain populations (e.g., minority groups, African 373 

ancestry populations) remains a major hurdle for understanding of shareable 374 

pathogenic variation and cross-laboratory mutation (re-)assessments in invididuals of 375 

all geographical backgrounds93.  376 

To increase the analytic power in rare-disease diagnostics, important genotype- 377 

and phenotype-driven matching algorithms have been set up, including the 378 

international Matchmaker Exchange (MME) service94. Initiated in 2013, MME 379 

introduces genetic data-sharing mechanisms and tools for phenotypic analysis that are 380 

incorporated into a federated system, acting towards the common goal of catalyzing 381 

connections between clinicians and researchers with interest in the same genes and 382 

disorders94. The MME network is joined by a series of connected nodes, among which 383 

GeneMatcher has emerged as one of the most widely applied tools95. GeneMatcher, 384 

representing data from thousands of disease subjects, is accessible to medical 385 

professionals from around the globe and has profoundly facilitated the identification of 386 

patients with similar genotypic and phenotypic profiles (Figure 3)95. With this platform, 387 

a substantive number of rare and ultra-rare movement-disorder cases have been 388 

matched, leading to characterization of many previously unrecognized disease 389 

entities96. For example, WES recently revealed a “private“ missense variant in 390 

ATP5MC3, encoding an essential component of the mitochondrial respiratory chain 391 

complex V, in an US-American family affected by dominantly inherited dystonia and 392 

spasticity97; because the variant had never been described before in independent 393 

cases, it qualified as a VUS and the family remained undiagnosed. The finding was 394 

entered into GeneMatcher, which ultimately yielded a “match“ through identification of 395 

the exact same mutation in a German dystonia pedigree; this resulted in the discovery 396 

of a novel mitochondrial defect-related monogenic movement disorder97.  397 
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Several additional data-sharing initiatives that allow comparison of sequencing 398 

findings can be helpful in genetic studies of rare movement disorders such as platforms 399 

that register systematic information on de novo variants identified from trio-WES/WGS 400 

analyses98; mostly, these listed de novo mutations are derived from patients with 401 

neurodevelopmental diseases98, but their consideration can be useful in movement-402 

disorder diagnostics given that movement disorders and neurodevelopmental diseases 403 

often share a common genetic basis14. The establishment of interoperable national and 404 

continent-wide data hubs, offering further improved paths to the sharing of ethnically 405 

diverse genetic information in common databases, is also underway85. For example, 406 

the European Genome-Phenome Archive (EGA), and its German hub GHGA (German 407 

Human Genome-Phenome Archive) support deposition of genomic sequences and 408 

phenotypes, including movements disorders, to optimize data reuse and accelerate 409 

disease gene discovery99. Similarly, increasing efforts are now geared towards sharing 410 

pan-European rare-disease data in a systematic manner within the Solve-RD research 411 

consortium100. Finally, it is interesting to note that when data sharing through health 412 

professionals is unable to provide diagnostic clarity, some patient families take over 413 

responsibility and advertise their genetic information via social media to make 414 

themselves more “discoverable“87. 415 

 416 

Integration of multi-omics studies 417 

DNA-level approaches such as WES and WGS are limited in their ability to clarify the 418 

significance of a large proportion of variants in disease manifestation1,2. Although 419 

reanalyses, predictive algorithms, and data sharing have improved prioritization and 420 

interpretation of genetic findings, the pathogenicity of VUS and alterations situated in 421 

non-coding areas can often not be confirmed or invalidated by these methodologies. 422 

Parallel assessment of additional “omics“ layers offers an opportunity to overcome 423 
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these hurdles (Figure 4)22. There is a growing body of literature linking genomic 424 

sequencing results with epigenetic, transcriptomic, and/or proteomic data to reveal 425 

pathophysiological mechanisms and uncover diagnoses in previously unresolved 426 

monogenic phenotypes23.  427 

At present, strategies for multi-omics data integration have little systematic 428 

application to rare movement disorders, but first studies demonstrate that they are very 429 

promising for improving diagnostic performances101 and international collaborations 430 

have been put in place to scale their use in molecular characterization of patients with 431 

dystonia and other indications (e.g., https://www.ejprarediseases.org/). Genome-wide 432 

analysis of DNA methylation marks is able to identify biologically meaningful signals 433 

that can support the evaluation of variant effects102. Initially introduced in the field of 434 

neurodevelopmental diseases, these genomic “episignatures“ were shown to be 435 

especially effective in providing clues to the underlying genetic basis for conditions that 436 

are linked to genes with suspected impact on DNA-methylation status102. Some studies 437 

have now been undertaken to develop accurate episignature-based classifiers for 438 

variants in the dystonia-linked gene KMT2B, which encodes a histone 439 

methyltransferase involved in epigenetic modifications103,104. In one publication, a 440 

blood-derived, disorder-specific episignature on 113 DNA methylation sites was used 441 

to re-classify four VUS in KMT2B (three of which newly qualified as disease-causing), 442 

leading to optimizations in diagnostic outcome and therapy-relevant results given that 443 

KMT2B-related dystonia is highly responsive to deep brain stimulation103. Moreover, 444 

DNA methylation profiling appears to allow predictions of age-of-onset and disease 445 

severity in patients with KMT2B mutations103.  446 

The study of transcriptomes by RNA sequencing (RNA-seq) represents another 447 

complementary assay to WES/WGS analyses105. The technique examines RNA levels 448 

in an unbiased manner, both qualitatively (integrity of transcripts) and quantitatively 449 
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(amounts of expression), and can provide a broad view of transcription-related 450 

pathological events105. RNA-seq data can be particularly important for interpretation of 451 

non-coding variations, but also for assessment of the effects of synonymous variants 452 

that can impact splicing22. Most RNA-seq pilot studies performed on patients with 453 

heterogeneous rare-disease presentations aimed at deciphering the roles of uncertain 454 

WES/WGS findings by focusing on detection of splicing mutation-induced aberrant 455 

transcripts and/or aberrant expression states105,106. The value of exploring these types 456 

of pathologies for identification of additional diagnoses in individuals affected by 457 

movement-disorder features is beginning to emerge in a recent large-scale combined 458 

WES/WGS-RNA-seq study107, describing missplicing and pathologically decreased 459 

expression of TIMMDC1 as a result of deep intronic variants in patients with ataxia and 460 

dyskinetic movements.  461 

Further diagnostically useful information in multi-omics studies can be added at 462 

the level of proteomic investigations22. Proteomics assists in rare-disease variant 463 

interpretation by identifying instances where VUS have resulted in abnormally down-464 

/or up-regulated protein expression. Although still in its infancy in rare movement-465 

disorder diagnostics, quantitative proteomics has recently been applied successfully in 466 

a child with dyskinetic epileptic encephalopathy for functional validation of candidate 467 

variants in ATP5PO, establishing the diagnosis and characterizing a new recessive 468 

neurogenetic syndrome101.  469 

Tissue-specific expression is an important aspect that needs to be considered 470 

during transcriptomic and proteomic studies23. While brain samples are mostly 471 

unaccessible for these purposes, a routine practice is to perform extraction from 472 

patient-derived skin fibroblasts, in which thousands of RNAs and proteins can be 473 

reliably assessed107. An alternative approach is the investigation of blood 474 

transcriptomes, which allows non-invasive diagnostic identification of RNA defect-475 
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related molecular drivers of disease108. Optimally, the results of the different “omics“ 476 

analyses should not be evaluated separately, but processed through a unifying 477 

bioinformatic framework (“multi-omics pipeline“) that allows superimposition of all 478 

layers of information to maximize the power for functional annotation of variants. 479 

Further “omics“ methods beyond those described above, e.g., metabolomics, may also 480 

find their way into the diagnostic workflows for rare movement disorders.  481 

 482 

Conclusions and future opportunities 483 

The advent of NGS with its associated computational analytic tools has opened a new 484 

era in the diagnostics of rare movement disorders. Undoubtedly, WGS will become the 485 

cornerstone for molecular analysis of most, if not all patients affected by these 486 

conditions. In this scenario of broad application across diverse disease subgroups, it 487 

will be of utmost importance to establish broadly accepted standards for incorporation 488 

in daily routine and interdependent training of movement-disorder specialists and 489 

neurogenetics experts, who should work in concert to appear at the forefront of the 490 

implementation process of clinically meaningful genomic medicine that is beneficial for 491 

patients with rare movement phenotypes (Box 2). 492 

Evidence-based diagnostic pathways towards a “genomic analysis-first“ 493 

approach need to be developed for individual movement-disorder indications; for 494 

example, in the field of dystonia, a predictive clinical scoring system has been 495 

proposed to incorporate genomics as an integral part of routine care14. Moreover, much 496 

remains to be improved in the analysis of technically difficult-to-identify mutations, VUS 497 

assessment, and the integration of information from multiple “omics“ sources in order 498 

to extract the full potential of large genomic datasets87,88. Concerted efforts of the 499 

neurogenomics community - composed of clinicians, human geneticists, scientists, and 500 
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bioinformaticians - will be necessary to design new or updated technologies and 501 

software that can increase the diagnostic power.  502 

The introduction of “third-generation“ long-read sequencing offers a promising 503 

route to advanced investigation of complex genomic variations, including balanced 504 

structural variants and chromosomal rearrangements, and the method may change the 505 

way we are using WGS over time87. Long-read approaches, as provided by single-506 

molecule real-time sequencing (Pacific Biosciences) and nanopore sequencing 507 

(Oxford Nanopore Technologies), can analyze genomes at the individual nucleotide 508 

level without conventional amplification steps and are thought to excel at mapping 509 

certainty and detection of mutations in repetitive DNA segments and pseudogenes109. 510 

The method is also effective in sequencing through large expanded repeats, providing 511 

a prospective tool for the study of repeat expansion-related movement disorders with 512 

superior performance in terms of accuracy and speed compared to traditional PCR-513 

based strategies110. Sophisticated software algorithms are under investigation that 514 

attempt to support the clinical annotation of variants falling into non-coding DNA 515 

regions such as models for the prediction of splice-disrupting intronic variants and 516 

mutations altering regulatory functionality111, representing a necessary step for 517 

improved automated interpretation of WGS data. It is also encouraging to see that 518 

genomic techniques are leading to progress in the systematic evaluation of movement 519 

disorder-associated variants with less severe phenotypic impact and reduced 520 

penetrance mechanisms including modifiers; examples include the description 521 

of TBP repeat expansions coexisting with pathogenic SNVs in STUB1 in patients with 522 

ataxia, suggestive of digenic inheritance112, and the establishment of a comprehensive 523 

database for GBA risk variants contributing to Parkinson disease with varying effect 524 

sizes113. Another important development is the introduction of scalable approaches for 525 

functional mutation-outcome measurements with translational potential for treatment: 526 
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in the field of rare monogenic LRRK2-associated Parkinsonism, high-throughput 527 

experimental assays have been set up to determine the biochemical consequence of 528 

any SNV identified from a patientˋs genomic sequencing dataset, including VUS, 529 

paving the way for more efficient therapy trials114. In parallel to these advances, large-530 

scale organization-level collaborative research initiatives are already being active to 531 

address the challenges of producing complete catalogs of monogenic phenotypes and 532 

boost mechanistic understanding of how particular mutations relate to disease biology; 533 

in the US, the NIH Undiagnosed Diseases Network aims to improve approaches to 534 

discovering the underlying etiology of undiagnosed rare conditions, implementing 535 

pipelines for genomics, multi-omics, and functional model studies115. The latter 536 

represent an additional essential component for the characterization of unique variants 537 

and novel gene discoveries, given that modeling in flies, worms, zebrafish, mice or 538 

patient-derived neuronal cells and organoids can yield unparalleled insights into the 539 

pathophysiological consequences of individual genotypic abnormalities54. A further 540 

complementary approach for evaluating rare gene defects in movement disorders in 541 

the future may be the use of systems biology, which can unveil mechanistically relevant 542 

signatures and molecular pathogenic drivers via network analyses and other 543 

computational methodology-based frameworks116. 544 

In these regards, we should continue to invest in the development of artificial 545 

intelligence including generative AI as well as corresponding standards for application 546 

in movement-disorder diagnostics, which will be essential for optimized prioritization of 547 

different variant types, accurate pathogenicity predictions, and widespread applicability 548 

of multi-omics analyses88. Correlation of these data with output from “real-world”-549 

learning digital tools such as wearable sensors may offer additional transformative 550 

opportunities to objectively evaluate the role of certain patient-specific molecular 551 

alterations in rare movement disorders. Ongoing data-sharing activities will constitute 552 
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another driving force behind the scaling of clinically sound variant interpretations and 553 

additional disease-gene discoveries85, while investigators should promote ethnic 554 

diversity within genomic approaches117. A worldwide data-sharing platform for genetic 555 

ataxias is presently being launched118 and could serve as a blueprint for similar 556 

initiatives targeting other rare movement-disorder subtypes. Such efforts should focus 557 

on generalizability of knowledge for patients with heterogeneous demographic 558 

characteristics such as geographical origin, sex, and age. In the context of data 559 

sharing, it will also be key to put forth strategies to enhance the transfer of clinical 560 

information in the research setting, thus facilitating bidirectional integration of insights 561 

between the clinic and the scientific arena.    562 

Ultimately, further insights into the molecular causes of rare movement 563 

disorders will yield unique opportunities for etiology-directed therapeutic interventions 564 

and “N-of-1 trials”, either by uncovering novel treatment targets or by highlighting 565 

possibilities for drug re-purposing1. Some inspiring examples are emerging, such as 566 

the recent demonstration of caffeine administration as a rational effective approach to 567 

the therapy of ADCY5-dyskinesia119; NGS-identified ADCY5 mutations were shown to 568 

induce gain of protein function, a pathology that could be specifically reversed by 569 

adenosine-A2A-receptor antagonists such as the natural compound caffeine119. With 570 

continued progress in NGS and bioinformatics applications in rare movement 571 

disorders, we can look forward to a future where many patients could expect a precise 572 

genetic diagnosis and, hopefully, an increasing availability of personalized therapeutic 573 

agents. 574 
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 942 

Figure Legends 943 

Figure 1 Next-generation sequencing data production and analysis workflow.  944 

Different variant types called from individual exome or genome raw-data files are 945 

subjected to stepwise filtration, involving the integration of diverse web-based 946 

bioinformatic repositories and functional annotation sources. The filtering and 947 

prioritization steps highlighted in green are especially suitable for the analysis of single-948 

nucleotide variants (SNVs) and short insertions and deletions (indels), but can be 949 

relevant to varying extents also during assessment of other genomic mutations (e.g., 950 

structural variants, mitochondrial DNA variants, or repeat expansions). Technical 951 

limitations need to be considered, hindering reliable detection of certain genotypic 952 
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abnormalities such as single-exon CNVs as well as larger or non-coding repeat 953 

expansions in exome sequencing data. When a narrow list of candidate genetic 954 

alterations has been identified, expert review ensues to allow for determination of rare 955 

variants for which high levels of evidence exist for association with the disease. ACMG, 956 

American College of Medical Genetics and Genomics; CNVs, copy-number variations; 957 

del, deletion; dup, duplication; gnomAD, Genome Aggregation Database; mito, 958 

mitochondrial; MME, Matchmaker Exchange; OMIM®, Online Mendelian Inheritance 959 

in Man®, pLI, probability of being loss-of-function intolerant. 960 

 961 

Figure 2 Mutational constraint metrics aiding in variant interpretation. 962 

(a) Sequencing information from >120,000 exomes and >15,000 genomes in the 963 

Genome Aggregation Database (gnomAD) is used to provide constraint scores for a 964 

given mutation type, such as loss-of-function variation (e.g., nonsense and splice-site 965 

mutation-inducing single-nucleotide variants [SNVs])21. The probability of being loss-966 

of-function intolerant (pLI) metric (minimum score = 0, maximum score = 1.0) is 967 

calculated for each gene in gnomAD on the basis of the number of observed versus 968 

expected rare loss-of-function SNVs, taking into account the geneˋs length and 969 

nucleotide-sequence context; genes with pLI scores of ≥0.9 are considered to be under 970 

severe constraint against loss-of-function mutations. An example of the loss-of-971 

function variant-constrained gene KMT2B is shown, mutations of which represent an 972 

important cause of hereditary early-onset dystonia with neurodevelopmental 973 

comorbidity (“dystonia 28, childhood-onset“; OMIM:617284)62. In gnomAD controls, 974 

KMT2B has significantly fewer loss-of-function SNVs than expected (pLI score of 1.0), 975 

indicating a high degree of evolutionary selective pressure. Consistent with this, 976 

heterozygous loss-of-function KMT2B variants are responsible for highly-penetrant 977 

pediatric dystonia syndromes; the distribution of such mutations registered in ClinVar 978 
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is depicted below the KMT2B transcript scheme (ClinVar database accessed on May 979 

10, 2023)17. (b) The degree of regional missense-mutation constraint can also be 980 

estimated with the help of gnomAD data21,66,67. For example, NR4A2, a gene linked to 981 

a neurodevelopmental disorder with dystonia and parkinsonism (“intellectual 982 

developmental disorder with language impairment and early-onset dopa-responsive 983 

dystonia-parkinsonism“; OMIM:619911)69-71, contains a coding sequence with 984 

significantly fewer missense variants observed than expected; hence, missense 985 

variants mapping to this area with local missense intolerance may be regarded as high-986 

priority candidates for disease causation. In ClinVar, disease-related missense 987 

mutations cluster for NR4A2 in particular within this region17, encoding a functionally 988 

important protein domain. Computational tools such as the MetaDome web server67 989 

offer user-friendly visualization of missense-constrained protein regions inferred from 990 

gnomAD data, as illustrated in the bottom panel; the MetaDome missense-mutation 991 

tolerance landscape of NR4A2 is shown with a schematic protein representation 992 

underneath. Specific ClinVar pathogenic and likely pathogenic NR4A2 missense 993 

variants are included (ClinVar database accessed on May 10, 2023)17. 994 

 995 

Figure 3 An example of case matchmaking and disease gene discovery via the 996 

GeneMatcher platform.  997 

A candidate ultra-rare variant in the mitochondrial complex V gene ATP5MC3 was 998 

detected in a large dystonia/spasticity-affected pedigree from the US state Ohio120. 999 

Despite functional molecular characterization of the variant, the definition of a new 1000 

hereditary disorder was not possible for more than a decade because no additional 1001 

independent case with the same genetic defect had been identified. In 2019, the Ohio 1002 

family was “matched“ through the GeneMatcher95 node to a German patient who was 1003 
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found to harbor an identical ATP5MC3 mutation. The ATP5MC3-related monogenic 1004 

movement disorder was then firmly established97. 1005 

 1006 

Figure 4 Overview of a suggested multi-omics-based diagnostic strategy. 1007 

Multiple components of disease-causing molecular lesions can be considered in 1008 

integrated multi-omics analyses, including DNA-level aberrations, disorder-specific 1009 

DNA-modification patterns, as well as different layers of altered gene expression (RNA 1010 

and protein). Episignatures are emerging as powerful tools to characterize the 1011 

significance of variants in relation to rare phenotypes, especially those linked to defects 1012 

of the epigenetic machinery. RNA-sequencing can detect different types of variant-1013 

induced transcript pathologies including aberrant expression, defective splicing, and 1014 

monoallelic expression states. Quantitative proteomics is able to find protein-1015 

expression outliers caused by etiologically involved variants and to characterize 1016 

associated protein complex disturbances. Although “standard“ peripheral blood-1017 

derived DNA is suitable for the study of episignatures, other patient-specific biological 1018 

samples may be useful to generate accurate diagnostic output from gene-expression 1019 

analyses with RNA-sequencing or proteomics experiments. Skin fibroblast cultures 1020 

have been found to represent an optimal biomaterial for such multi-omics 1021 

approaches107. Alternatively, whole-blood RNA-sequencing can be a robust strategy 1022 

for the profiling of disease-relevant transcript-expression and splicing defects in 1023 

patients with monogenic diseases108. The different analytic dimensions of multi-omics 1024 

tests can be assessed separately, or, as preferred, in parallel in order to maximize 1025 

improvements in molecular diagnostic yield. 1026 
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